Nitric oxide and S-nitrosothiols (SNOs) are widespread signaling molecules that regulate immunity in animals and plants. Levels of SNOs in vivo are controlled by nitric oxide synthesis (which in plants is achieved by different routes) and by S-nitrosoglutathione turnover, which is mainly performed by the S-nitrosoglutathione reductase (GSNOR). GSNOR is encoded by a single-copy gene in Arabidopsis (Arabidopsis thaliana; Martínez et al., 1996; Sakamoto et al., 2002) . We report here that transgenic plants with decreased amounts of GSNOR (using antisense strategy) show enhanced basal resistance against Peronospora parasitica Noco2 (oomycete), which correlates with higher levels of intracellular SNOs and constitutive activation of the pathogenesisrelated gene, PR-1. Moreover, systemic acquired resistance is impaired in plants overexpressing GSNOR and enhanced in the antisense plants, and this correlates with changes in the SNO content both in local and systemic leaves. We also show that GSNOR is localized in the phloem and, thus, could regulate systemic acquired resistance signal transport through the vascular system. Our data corroborate the data from other authors that GSNOR controls SNO in vivo levels, and shows that SNO content positively influences plant basal resistance and resistance-gene-mediated resistance as well. These data highlight GSNOR as an important and widely utilized component of resistance protein signaling networks conserved in animals and plants.
Considerable evidence indicates that nitric oxide (NO) and NO-related metabolites, such as S-nitrosothiols (SNOs) play a central role in signal transduction and defense in animal and plants (Wendehenne et al., 2001) . Delledonne et al. (1998) have shown that inhibitors of NO accumulation blocked the localized cell death induced in plant-pathogen interactions, called the hypersensitive response (HR), promoting disease and bacterial growth in Arabidopsis (Arabidopsis thaliana). They conclude that NO functions as a key signal in plant disease resistance. The efficient induction of HR requires an appropriate balance between reactive oxygen intermediates (ROIs) and NO production (Delledonne et al., 2001) . Several defense genes, such as genes encoding Phe ammonia-lyase, glutathione S-transferase (GST), and pathogenesis-related protein 1 (PR-1), are induced by administration of NO donors or recombinant mammalian NO synthase (NOS; Delledonne et al., 1998; Durner et al., 1998) .
NO can be synthesized in plants by different routes, both enzymatically and nonenzymatically (Cooney et al., 1994; Rockel et al., 2002; Modolo et al., 2005) . Intracellular NO reacts with proteins and nonprotein thiols to form nitrosothiols (Stamler, 1994) . Nitrosylation of proteins is achieved by reaction with sulfhydryl groups and transition metals and in many cases results in the regulation of protein activity . NO reacts rapidly with glutathione (GSH), the major intracellular low-molecular-mass antioxidant, to yield S-nitrosoglutathione (GSNO). GSNO is considered to represent a functionally relevant signaling molecule that might act both as NO reservoir and NO donor (Stamler et al., 1992; Lindermayr et al., 2005) or independently of homolytic cleavage to NO (Gaston, 1999 ). An additional level to regulate the NO system is by breakdown of GSNO by the recently discovered GSNO reductase (GSNOR) that is conserved from bacteria to humans (Liu et al., 2001) . It has been shown that the GSNOR activity controls intracellular levels of both GSNO and S-nitrosylated proteins and enhances cellular resistance to nitrosative stress in animal models (Liu et al., 2001 (Liu et al., , 2004 . Innate immunity, which includes preformed barriers and induced defense responses, constitutes a broad spectrum of barriers against attempted pathogen invasion. Recent findings have revealed striking similarities in the molecular mechanisms for the activation of innate immunity response in plants, vertebrates, and insects (Nü rnberger et al., 2004) . Pathogen-associated molecular patterns that are characteristic of microbial organisms, such as lipopolysaccharides of gram-negative bacteria, trigger innate immune responses in animals and act as defense inducers in multiple plant species (Nü rnberger et al., 2004; Zeidler et al., 2004) . NO production is part of the lipopolysaccharide-induced innate immunity both in animals and plants leading to the activation of defenserelated genes and synthesis of antimicrobial protein and peptides (Nathan and Shiloh, 2000; Liu et al., 2004; Zeidler et al., 2004) . These findings support the idea of a common evolutionary origin of pathogen defense system in higher eukaryotes. NO bioactivity is controlled by NO synthesis (i.e. by the different routes above mentioned) and by NO degradation, which is mainly performed by the GSNOR (Liu et al., 2001 (Liu et al., , 2004 . In Arabidopsis, GSNOR, previously known as GSHdependent formaldehyde dehydrogenase (FALDH) or also class III alcohol dehydrogenase (ADH), due to its activity versus primary alcohols, is encoded by a singlecopy gene (ADH2, GenBank accession no. X82647; Martínez et al., 1996) . Arabidopsis transgenic plants that either overexpress or underexpress the enzyme were generated by cloning the ADH2 gene into an Agrobacterium binary vector under the control of 35S promoter, both in the sense and the antisense orientations . These plants have been used in this work to study GSNOR involvement in basal disease resistance and resistance (R)-gene-mediated resistance against oomycetes (Peronospora parasitica [Pp] ) and bacteria (Pseudomonas syringae pv. maculicola [Psm]). Our results highlight GSNOR as an important and widely utilized component of resistance protein signaling networks.
RESULTS

GSNOR Transgenic Lines
We have described elsewhere the generation of Arabidopsis transgenic lines transformed with either sense or antisense constructs of the ADH2 gene placed under the control of the 35S cauliflower mosaic virus promoter . ADH2 gene codes for the GSH-dependent FALDH, also known as class III ADH, which is encoded by a single-copy gene (ADH2, GenBank accession no. X82647; Martínez et al., 1996) . This enzyme has been recently shown to be the GSNOR (Liu et al., 2001; Sakamoto et al., 2002) . Determination of GSNOR activity in several independent transgenic lines overexpressing the ADH2 gene revealed increments of up to 19-fold the activity in wild-type Arabidopsis, which correlated with high increments in mRNA and protein levels. At the opposite, several independent antisense lines tested showed decrements of up to 50% the GSNOR activity measured in wild-type plants. One overexpressing line (L1) and one antisense line (L5) were chosen for further experiments and deeper characterization. Figure 1 , A and B show, respectively, transcript levels and GSNOR activity values for these two lines.
To study if GSNOR controls SNO levels in vivo, we measured SNO content in the transgenic lines. Figure  1B shows that total SNO levels in leaf extracts of 4-week-old plants were increased in L5 (antisense line; 168%) and decreased in L1 (overexpressing line; 80%), as compared to those found in wild-type Arabidopsis plants grown in the same conditions. Low M w SNOs (,5 K) were under the limit of detection of the method.
In conclusion, the expression of the transgene in the transgenic lines correlates with the expected changes in GSNOR activity and in basal SNO content, supporting the idea that GSNOR controls in vivo SNO levels. The defect in SNO accumulation detected in L1 was not due to a defect in the synthesis of NO, since we measured activation of inducible NOS (iNOS) in the local leaves of L1 after pathogen inoculation (see Supplemental  Table S1 ). . GSNOR activity and intracellular SNO levels. A, GSNOR transcript accumulation determined by semiquantitative RT-PCR. Intensity of the bands was determined by densitometry and the transcript levels were normalized in relation to those of the actin2 gene. The numbers below the bands denote relative gene expression. B, GSNOR activity (gray bars) and SNO content (white bars) in Arabidopsis 4-week-old seedlings. One unity of activity (U) corresponds to 1 mmol of coenzyme (NADH) transformed per minute. Results are the mean of three independent determinations 6 SD. The numbers below the plot denote the activity and SNO ratios among the different lines. WT, Wildtype Arabidopsis accession Col-0; L1, transgenic line containing the sense construct; L5, transgenic line containing the antisense construct.
Downexpression of GSNOR Increments Basal Resistance
The interaction between Arabidopsis and the biotrophic oomycete Pp is a largely studied model and one of the best known systems of the race-specific pathogen resistance. Arabidopsis ecotype Columbia (Col-0) is susceptible to Pp Noco2: its mycelium is able to spread systemically through the plant tissue and to develop sexual and asexual spores within 4 to 7 d. In contrast, Arabidopsis Col-0 is resistant to isolate Cala2, due to the gene-for-gene recognition (Van der Biezen et al., 2002) . We first assessed the responses between shortday-grown L1 and L5 transgenic lines to normally virulent Pp Noco2 isolate. Four-week-old plants were sprayed with an asexual spores suspension of isolate Noco2 (4 3 10 4 spores mL 21 ) and spores counting was carried out 6 d after inoculation. As can be seen in Figure 2A , number of conidia is comparable in the overexpressing (L1) and wild-type lines, whereas it is reduced by 65% in the antisense line (L5). Accordingly, we observed extensive hyphal growth as well as asexual sporulation in wild type and L1 but not in L5 (Fig.  2B , the white arrows indicate conidiophores).
We then examined the responses to pathogenic bacteria Pseudomonas syringae, a hemibiotroph pathogen that infects through wounds and stomata and multiplies in the intercellular spaces (Glazebrook, 2005 Figure 2C shows that no significant differences were found between the lines. From these results we conclude that the antisense line (L5) has an enhanced basal resistance to Pp Noco2 but not to Psm in the tested conditions. The difference obtained between the two pathogens tested might be the result of a difference in basal efficiency depending on the pathogen or to a differential involvement of GSNOR in each of these pathways.
GSNOR Is Required in the R-Gene-Mediated Systemic Acquired Resistance Establishment
Gene-for-gene resistance depends on the presence of single dominant genes in the pathogen (avirulence genes) that cause it to be recognized by plant hosts carrying single dominant R genes. The oomycete Pp Cala2 isolate and the bacterial Psm avrRpm1 strain are avirulent pathogens, respectively, for Arabidopsis Col-0. Plant resistance involves in both cases salicylic acid (SA)-mediated defenses and discrete necrotic lesions, but they are specified by distinct R proteins with different N-terminal domains that induce distinct early signaling networks (Parker et al., 2000; Feys et al., 2001; Rustérucci et al., 2001; Hammond-Kosack and Parker, 2003) . We assessed the interaction between L1 and L5 transgenic plants and these normally avirulent pathogens.
Plants were sprayed with a conidia suspension of the oomycete in the same conditions as for Noco2 isolate. No phenotypic differences between the different lines were apparent regarding the resistance to the pathogen, and all the lines exhibited localized cell death typical of the HR at the point of Pp penetration (Fig. 3A) . However, a slight increment in the diameter of the microscopic necrotic spots was observed in both transgenic lines but especially in L1 (Fig. 3A) from the starting of HR establishment to up to 7 d after inoculation. Figure 1 were treated by virulent pathogens Pp isolate Noco2 (A and B) or Psm (C). A, Number of asexual spores 6 d after inoculation by spray of Pp (4 3 10 4 spores mL 21 ). Values are the mean of five independent measurements 6 SD. Similar results were obtained on two independent experiments. B, Development of Pp mycelium inside leaf tissues, monitored by staining with lactophenol-trypan blue, 6 d after the treatment. Bars: top section, 800 mm; bottom section, 300 mm. C, Growth of Psm in leaves at times 0, 2, and 3 d after infiltration (10 5 cfu mL 21 ). The experiment was made three times and each value is the mean of five independent measurements 6 SD.
We then examined the responses of the same transgenic lines to the avirulent bacterial pathogen Psm avrRpm1 by infiltrating the leaves with the bacterial suspension (10 6 cfu mL 21 ). No macroscopic disease symptoms were observed 3 d after treatment that could be related to a loss of resistance in transgenic lines (results not shown). Moreover, HR was induced in both L1 and L5 transgenic lines, as well as in wild-type plants (Fig. 3B) . The microscopic lesions developed by both L1 and L5 lines were more spread than in wildtype plants (Fig. 3B) , as it was also observed after Pp Cala2 challenging. It has been reported that NO production is necessary for HR in concert to hydrogen peroxide (Delledonne et al., 1998) . We show here that up-or down-regulation of GSNOR does not affect HR establishment in the incompatible interactions. However, the spreading of HR lesions is slightly affected but still restricted, at the opposite of lesions simulating disease 1 (lsd1) mutants that lacks up-regulation for detoxification of accumulating ROIs (Kliebenstein et al., 1999; Rustérucci et al., 2001) .
Systemic acquired resistance (SAR) is an induced defense response that is activated by avirulent pathogens and protects plants from further infections by a wide variety of pathogens (Ryals et al., 1996) . SAR is accompanied by an increase of endogenous SA, both locally and systemically, and correlates tightly with the expression of genes encoding PR proteins (Durrant and Dong, 2004) . To further explore the impact of the manipulation of GSNOR intracellular levels on plant defense mechanisms we tested SAR establishment in our transgenic lines. This was performed using the combination of avirulent bacteria (Psm avrRpm1) and virulent oomycete (Pp Noco2): avirulent bacteria were infiltrated in two leaves of 4-week-old plants and 48 h later these plants were sprayed with a conidia suspension of the virulent oomycete. Figure 4A shows the Pp sporulation on plants mock preinfiltrated or pretreated with the avirulent bacteria for a typical experiment. The SAR is revealed by a significant difference of sporulation between both treatments. Figure 4B shows the ratio average of two independent experiments. It is apparent that SAR establishment is enhanced in L5 (antisense line) with a significant increment of 30% compared to wild type and that it is significantly impaired (35% less) in L1 (overexpressing line).
Incompatible plant-pathogen interactions induce H 2 O 2 and NO bursts, both necessary for HR establishment. The level of GSNOR activity in our transgenic lines did not interfere with HR establishment but modulated plant SNO levels in vivo. To see if the above GSNOR effect on SAR efficiency was related to SNO levels, we measured total SNO content in wild-type and transgenic Arabidopsis plants after challenging with avirulent bacteria (Psm avrRpm1). Figure 4C shows that challenging with Psm avrRpm1 induces SNO accumulation in wild-type Arabidopsis, both locally and systemically. In L5, SNO levels increase more rapidly than in wild type in the local leaves (see 1 d in Fig. 4C ) and, at long times, both wild type and L5 accumulate more SNO in systemic than in local leaves (see days 2 and 3, Fig. 4C ). Moreover, SNO levels in L5 are always higher than in wild type, in unchallenged and challenged plants and in systemic and local tissues. To the contrary, SNO accumulation is impaired in plants overexpressing GSNOR, both in local and systemic leaves. In L1, SNO levels were 37% and 24% those of wild type, in local and systemic leaves, respectively, at day 3 after challenging. Low M w SNOs (,5 K) were under the limit of detection, except for L5 in systemic leaves at day 2 and 3 after challenging (data not shown), suggesting that the increase in total SNO content correlated with an increase in low M w . In conclusion, SNO accumulated in local and systemic leaves during the incompatible interaction. The expression of the transgene correlates with SNO content before and after challenging in the transgenic lines, and has consequences for the accumulation of SNO in local and sytemic leaves during incompatible interactions. The impairment of SNO accumulation correlates with the impairment of SAR establishment in the GSNOR overexpressing line.
It has been proposed that GSNO might serve as a long distance phloem mobile for SAR establishment (Durner and Klessig, 1999) . We have previously shown the localization of GSNOR in phloem companion cells and xylem parenchyma in Arabidopsis plants (Espunya et al., 2006) and as expected, L1 overexpressing line contains more GSNOR in the vascular system (Fig. 4D) . We conclude that GSNOR activity is involved in SAR establishment and it is tempting to speculate that its role Four-week-old plants, wild type, and same GSNOR transgenic lines as those in Figure 1 were treated by avirulent pathogens, Pp isolate Cala2 (A) or Psm avrRpm1 (B). A, 10 mL droplet of Pp Cala2 (4 3 10 4 spores mL 21 ) was placed on the leaf surface and after 3 d HR was monitored by staining with lactophenol-trypan blue. B, Plants were infiltrated with suspensions of Psm avrRpm1 (10 6 cfu mL 21 ) and after 3 d necrotic lesions were monitored by staining with lactophenol-trypan blue. Bars: 500 mm.
is linked to SAR signal transport through the vascular system. However, the use of a constitutive promoter to drive GSNOR overexpression does not allow us to determine whether perturbation of SNO levels in the systemic leaves are due to the impairment of transport or to the activity of the transgene in the distal tissues.
Molecular Analysis
Plants respond to pathogen attack generally by activation of HR and a large number of defense effectors mechanisms, including production of both antimicrobial metabolites and proteins as well as physical reinforcement of cell walls. Many of the gene expression changes that occur in the gene-for-gene responses also occur during susceptible interactions, but with slower kinetics and reduced amplitude (Tao et al., 2003) . To correlate activation of known defense genes with the phenotypic responses detected in the GSNOR transgenic plants when challenged to pathogens, we measured the transcript levels of the PR-1 and of GST-1, a protectant gene induced by ROIs during incompatible interactions (Levine et al., 1994) . Both genes are also induced by NO donors (Delledonne et al., 1998; Durner et al., 1998) .
As shown in Figure 5A , PR-1 is constitutively activated in the antisense plants (6-fold the transcript levels of wild-type plants), whereas the overexpressing plants exhibit similar levels as those of wild type, which were almost negligible. Moreover, GST-1 is constitutively activated in both transgenic lines (4-fold the transcript levels of wild-type plants). We also studied the kinetics of PR-1 and GST-1 induction when plants were challenged with the virulent and avirulent Pp. Both genes were induced by pathogens but the induction was faster using avirulent Pp isolate, as expected (Figs. 5, B and C). In the transgenic lines the induction pattern was nearly similar to that of wild type: a slow increase of the transcript levels from 0 to 72 h in compatible interactions, and a rapid increase within 24 h in incompatible interactions. In incompatible interactions, the level of GST-1 transcripts is maintained until 72 h, while those of PR-1 decrease with time, indicating a transient induction in the last case. What is remarkable is that 72 h after treatments both genes are further induced to very high levels in the antisense line after treatment with either one of the two pathogens tested (PR-1 and GST-1 transcripts are 4-and 5-fold, respectively, more abundant than in wild type in the incompatible interactions, and 2-and 3-fold, respectively, in the compatible interactions; Fig. 5, B and C) . Furthermore, in the overexpressing line, PR-1 induction is seriously impaired at long times after the infection by the virulent pathogen but not by the avirulent one (see 72 h, Fig. 5 , B and C, respectively), while GST-1 induction is similar, Figure 4 . Quantification of SAR against Pp Noco2 in the different plant lines and immunolocalization of GSNOR in the phloem. SAR establishment was measured using the combination of avirulent bacteria (Psm avrRpm1) and virulent oomycete (Pp Noco2). Two rosette leaves of the different lines were infiltrated either with the avirulent bacteria (10 6 cfu mL 21 ) or mock inoculated with 10 mM MgCl 2 , and 48 h later were sprayed with a suspension of the virulent oomycete (4 3 10 4 spores mL
21
). Number of conidia was counted 6 d after Pp inoculation. The average of five independent measurements 6 SD is represented in A for a typical experiment. The experiment was performed twice and the mean value 6 SD is represented in B as the ratio of number of spores in plants previously infiltrated with Psm avrRpm1 or with MgCl 2 (bar height ratio). C, Total SNO levels in leaf extracts from the different Arabidopsis lines, either challenged or unchallenged with Psm avrRpm1 (10 6 cfu mL 21 ). Systemic and challenged leaves were collected at days 1, 2, and 3 after treatment. Values were normalized per milligram of protein. D, Immunodetection of GSNOR in the phloem. Immunolocalization was performed using specific antibodies against Arabidopsis GSNOR as described in Espunya et al. (2006) . In the control panel, the antibody was preincubated with purified FALDH protein prior to the immunolocalization experiments. Bars: 25 mm. End, Endodermis; Cc, phloem companion cells; Vs, vascular system; Ep, epidermis.
both in kinetics and intensity to that in wild-type plants, whatever pathogen was inoculated.
DISCUSSION
Our results show that manipulation of intracellular levels of GSNOR has important consequences for disease resistance in Arabidopsis. Decreasing cellular levels of GSNOR (using antisense strategy) enhances basal disease resistance against oomycetes (Pp), but overexpression of GSNOR using the 35S cauliflower mosaic virus promoter does not affect significantly basal plant resistance. The constitutive expression of PR-1 exhibited by the antisense plants might account for the enhanced resistance, like it happens in numerous mutants such as constitutive expressor of PR genes or lsd (Bowling et al., 1994; Dietrich et al., 1994; Clarke et al., 2001) . Moreover, interaction with the virulent oomycetes results in further induction of PR-1 gene, whose transcript levels accumulate to higher amounts than in wild-type plants (Fig. 5B) . To the contrary, plants overexpressing GSNOR did not show constitutive expression of PR-1, and the very limited induction observed after interaction with virulent oomycetes (much less than in wild-type plants, see Fig. 5B ) did not change significantly plant susceptibility. However, basal resistance to the bacteria Psm is not affected in either one of the transgenic lines. Shah et al. (2001) showed that resistance to virulent Ps is primarily conferred by the NPR1-dependent pathway, while that to Pp is governed by the NPR1-independent pathway. The enhanced resistance to virulent oomycete but not to virulent bacteria in the GSNOR antisense line could be the result of a differential involvement of GSNOR in each of these pathways or, alternatively, to a difference in basal efficiency depending on the pathogen.
Local R-gene-mediated resistance is not significantly affected in our transgenic plants. HR and defense genes Figure 5 . Expression pattern of PR-1 and GST-1 in the different plant lines. Transcript accumulation was determined by semiquantitative RT-PCR using gene-specific primers and conditions, as described in ''Materials and Methods.'' A, Determination of PR-1 and GST-1 expression in the different plant lines, without any treatment. Total RNA was extracted from 4-week-old Arabidopsis plants and transcript levels for Actin2 gene, which expression is constitutive, were used to control the amount of mRNA in the reaction. B and C, Time courses of PR-1 and GST-1 expression after Pp Noco2 (B) or Pp Cala2 (C) inoculation. Four-week-old Arabidopsis lines were sprayed with the oomycete spores suspensions and samples for RNA preparations were collected at the indicated times. The values in the histograms denote the relative expression normalized in relation to that of EIF4 gene, in which expression is constitutive.
(PR-1, GST) are induced rapidly in both lines and the L1 overexpressing line expresses normal amounts of PR-1 transcript compared to wild type. Measures of SNO content before and after challenging with avirulent bacteria show that basal SNO levels are increased in the antisense plants and decreased in the overexpressing plants as compared to wild-type plants. Although plants overexpressing GSNOR (L1) exhibit no increase in SNO levels after challenging with the avirulent pathogen, they maintain a certain threshold (Fig. 1C) , likely as a consequence of the activation of pathogen iNOS at the local site of infection (see Supplemental  Table S1 ), and they are able to trigger efficiently the defense mechanisms at the local site of infection. However, a different situation occurs with SAR establishment. SAR, which requires SA and is associated to PR-1 expression, is enhanced in the antisense plants and lessened in the overexpressing plants. In the same way, Arabidopsis DIR1, a lipid transfer protein like, promotes SAR long-distance signaling and its mutation has no impact on local resistance (Maldonado et al., 2002) . It is tempting to speculate that the inverse relationship between GSNOR activity and SAR establishment indicates that generation and/or transport of SAR signal is affected, since impairment of SAR cannot be explained by an impairment of the pathway producing PR-1 or HR. This hypothesis is supported by our data showing that accumulation of SNO after challenging the plants with avirulent bacteria occurs both at the infection site and in the systemic leaves of wild-type and L5 lines, reaching the highest levels in the systemic leaves of L5 at long times after infection. Moreover, in the overexpressing line (L1) SNO accumulation is more disturbed in the systemic than in the local leaves. Our data showing that increase of SNO levels in the systematic leaves of wild-type Arabidopsis plants is not associated to activation of iNOS, strongly suggests that other mechanisms beside NO synthesis control SNO levels in those tissues, i.e. transport of GSNO from the challenged leaves through the phloem, or downregulation of GSNOR activity in the systemic leaves, or both. Other authors have proposed that GSNO might serve as a long-distance phloem mobile for SAR establishment (Durner and Klessig, 1999) and the localization of GSNOR in the vascular system makes this enzyme a promising candidate to regulate GSNO transport. However, the use of 35S promoter to drive expression of GSNOR in our transgenic plants does not allow us to determine whether perturbation of SNO levels in the systemic leaves is due to the impairment of transport or to the activity of the transgene in the distal tissues. Alternatively, we cannot discard that maintenance of high levels of PR-1 transcripts at long times in the antisense line might account for a better SAR in these plants.
It is striking that our results are in contradiction with those reported by Feechan et al. (2005) . The approach used to modify the intracellular levels of GSNOR is different in each case (expression of transgenes in this work and T-DNA insertion mutants in the other case), and so are plant growth conditions. Some authors have reported that 3-week-old plants grown either on short or long day exhibit analogous responses against compatible and incompatible interactions (Greenberg et al., 2000) . However, age-related resistance is established in the transition from vegetative to reproductive development (Kus et al., 2002; Rustérucci et al., 2005) that involves signaling pathways independent of those in compatible and incompatible interactions. The age of plants used in Feechan et al. (2005) is not reported, and defense response is extremely dependent on plant age. On the other hand, the measured SNO levels in Feechan et al. (2005) mutants and those of this work are roughly equivalent, both before and after challenging the plants with avirulent pathogens, and in both cases inversely correlated to GSNOR activity. Highly significant is the finding that Feechan et al. (2005) detect a substantial reduction of SA content in atgsnor1-3 mutant (reduced GSNOR activity), whereas the measured contents of free SA and SA glucoside in our transgenic lines were not significantly different from those in wild-type plants (results not shown). Several lines of evidence point to a tight interrelationship between NO and SA in plant defense and in the wounding/jasmonic acid signaling pathway. NO donors produce SA accumulation (Durner et al., 1998) and many NO-regulated enzymes, including aconitase or catalase, are likewise regulated by SA (Durner et al., 1997; Clark et al., 2000) . In tobacco (Nicotiana tabacum) cells, NO is required for the full action of SA but the activity of NO is fully dependent on SA in the SAR signaling pathway (Song and Goodman, 2001 ). Thus, it has been postulated that SA acts both upstream and downstream of NO (Durner and Klessig, 1999) . SA signaling in plant defense implies a complex network where multiple stimuli can activate SA synthesis/signaling and positive and negative feedback loops allow for the tighter regulation of SA accumulation (Shah, 2003) . Moreover, the precise role of, and the interrelationship between, the key partners of plant defense, H 2 O 2 , SA, and NO, is far from being completely understood, likely due to the complexity of the response. It is still controversial whether NO and H 2 O 2 bursts are coincidental and act in concert to initiate cell death (Delledonne et al., 2001) or, to the contrary, NO synthesis is initiated by activation of apoplastic NOS by a lipid-derived signal after membrane breakdown due to the initial programmed cell death (PCD) of the first cells (Zhang et al., 2003; Shapiro, 2005) . Lipid-based molecules are likely to play important signaling functions in plant defense (Maldonado et al., 2002; Zeidler et al., 2004 ). In the model postulated by Zhang et al. (2003) , NO accumulates initially in the apoplastic space and acts as a cellto-cell signal that spreads PCD in the HR, but it is not the initiator of PCD. Moreover, NO inhibits the activity of ascorbate peroxidase and catalase, which are H 2 O 2 scavenging enzymes, potentiating the HR (Shapiro, 2005) . A picture is emerging where SA could potentiate the effects of triggering factors (such as calcium fluxes, NO production, caspase-like protease activity, and others) of PCD acting in agonist-dependent gain control . The increased sensitivity to pathogens of atgsnor1-3 plants shown in Feechan et al. (2005) might be related to their impairment in SA accumulation, providing an explanation for the differences between their results and the results presented in this article. The advantage of our approach is that SA accumulation is not compromised in the transgenic plants, which allows us to draw conclusions strictly based on the changes of SNO levels as a consequence of changes of GSNOR expression. The other point of concern is the pattern of expression of GSNOR in adult Arabidopsis plants. GSNOR has a constitutive pattern of expression and the enzyme is ubiquitously present in plant cells (Martínez et al., 1996; Dolferus et al., 1997; Espunya et al., 2006) . Our transgenic plants show the same qualitative pattern of GSNOR expression, both spatially and temporary (Martínez et al., 1996; Díaz et al., 2004; Espunya et al., 2006; this work) . It is important to know if T-DNA insertions in the promoter of GSNOR-encoding gene, as in atgsnor1-1 and atgsnor1-2 lines used in Feechan et al. (2005) , change substantially gene expression specificity. Nevertheless, it has been reported that NO-induced gene expression can also be independent of SA (Durner et al., 1998; Grü n et al., 2006) .
We propose here a model that integrates our data regarding GSNOR involvement in plant defense and data previously published by other authors that supports the idea of NO/GSNO as positive regulators of Figure 6 . Hypothetical model to explain the role of GSNOR in incompatible interactions and SAR. Pathogen recognition initiates H 2 O 2 and NO bursts by activation of NADPH and iNOS, respectively. NO, H 2 O 2 , and SA act synergistically in triggering HR and other defense responses (Delledonne et al., 2001; Glazebrook, 2005) . Different branches, which are SA dependent or independent, and mediated or not by NPR1, lead to amplification of the initial signal and effective activation of downstream defense responses (Durner et al., 1998; Wendehenne et al., 2001; Nimchuk et al., 2003; Glazebrook, 2005) . Key regulators of NO and GSNO levels, which are mutually influenced, are the enzymes involved in NO synthesis and in GSNO catabolism, respectively (Liu et al., 2001; Wendehenne et al., 2001 ). Whereas it is well established that GSNO acts as an NO donor, the role of GSNO as a NO sink is controversial and it is still unknown if GSNO acts as a NO donor in these processes, or if it is a bioactive molecule in itself. GSNOR activity is the main regulator of intracellular GSNO and SNO levels as well (Liu et al., 2001 ; this work), with an emerging pivotal role in regulating important processes such as plant resistance or the ethylene pathway . We propose that down-regulation of GSNOR, with its concomitant increments of intracellular SNO levels enhances plant immunity. Maintaining appropriate levels of GSNO is also important for SAR. There is no induction of iNOS in the systemic leaves after challenging the plants with avirulent bacteria, but SNO levels rise in those tissues and this is concomitant with SAR establishment. GSNOR might have a key role in the regulation of SNO levels in the systemic leaves, either because GSNO is the phloem-mobile signal for SAR activation and/or because the mobile signal down-regulates GSNOR in the systemic leaves, slowing down GSNO breakdown. In favor of the first hypothesis, there is evidence that GSNOR localizes into the phloem, and could regulate signal transport. However, both hypotheses are not exclusive; for instance, down-regulation of GSNOR gene after wounding, both at local and systemic leaves, has been reported .
plant resistance, HR, and defense gene activation (Fig.  6) . Based on the data presented in this article and from previous work we propose that down-regulation of GSNOR, with its concomitant increments of intracellular SNO levels, enhances plant immunity. We also show that high levels of SNO in the systemic leaves, which correlate with SAR establishment, are independent of iNOS activation during incompatible interactions and, thus, are likely to be regulated by the activity of GSNOR. This model is in agreement with evolutionary conserved mechanisms in pathogen defense system in plants and animals, which extends to the role of GSNOR in this pathway.
A consistent phenotype of mutants with constitutive expression of PR-1 is the presence of spontaneous necrotic lesions (Dietrich et al., 1994; Greenberg et al., 1994; Shah et al., 2001) . However, there are some exceptions (Bowling et al., 1994; Li et al., 2001) suggesting that constitutive activation of PR-1 is independent of cell death. The antisense plants reported in this work do not show spontaneous lesions but they consistently exhibit shorter root length (Espunya et al., 2006) . This phenotype could not be due to the fitness costs associated with the constitutive activation of SAR (Heil and Baldwin, 2002) , because it is present both in the overexpressing and the antisense lines, but could be the result of an alteration in GSH homeostasis as we have previously postulated (Espunya et al., 2006) . The constitutive activation of GST-1 shown in this work supports our previous results of a disturbance of redox balance in the transgenic lines, since GST-1 is a marker of ROS. This might also be related to the microscopic spreading of HR lesions observed in our mutants. Due to the required balance of H 2 O 2 and NO production in HR establishment (see ''Discussion'' above), disturbing NO/GSNO levels by means of GSNOR might influence cell death propagation and affect the size of the lesions. Moreover, proteins involved in maintaining redox homeostasis, such as catalase or g-glutamylcysteinyl synthetase are regulated by nitrosylation (Han et al., 1995; Foster and Stamler, 2004 ). The two pathogens tested in this work use different receptors to trigger HR. In one case, Pp, the R-gene product belongs to the TIR-NB-LRR group of proteins, and in the other case, P. syringae, the R genes code for CC-NB-LRR proteins. Our results suggest that GSNOR activity affects HR development in both pathways, acting downstream where the two pathways converge or by an independent pathway. In summary, our results highlight the importance of the enzyme GSNOR in plant basal resistance and R-gene-mediated resistance. The constitutive activation of plant resistance, as observed for the L5 antisense line, confers an important advantage regarding the approach for developing disease-resistant plants exploiting naturally occurring defense mechanisms. Our results are in concordance with those reported in eukaryotes, vertebrates, and invertebrates, which establish NO accumulation as important for full display of innate immunity (Liu et al., 2004; Zeidler et al., 2004) . GSNOR is present in all organisms and much conserved during evolution. Its proposed role in controlling intracellular SNO levels that affect nitrosylation of thiols in proteins and other important cellular molecules, places it at a key point to control cellular homeostasis. We also show that SAR is affected by manipulation of GSNOR content in the cell. GSNOR, which localizes in the phloem, could regulate SAR signal transport through the vascular system.
MATERIALS AND METHODS
Plant Growth
Arabidopsis (Arabidopsis thaliana) ecotype Col-0 and the transgenic lines were grown in Intercept 5GR soil (Scotts Co.) at 22°C, 55% humidity, under 9-h photoperiod light (140 mE m 22 s 21 ).
Reverse Transcription-PCR Analysis
Total RNA was extracted from frozen leaves with Trizol (Invitrogen). Four micrograms of total RNAs were subjected to first-strand cDNA synthesis in a 20 mL reaction, using SuperScript II RT reverse transcriptase (Invitrogen). Two microliters of the cDNA diluted 1:10 were used as template in the reverse transcription (RT)-PCR amplifications (Biotools DNA polymerase). The genespecific primers and annealing temperatures used were 5#gctactggtgttgggat-tatgatgaatgac3# and 5#tctccttgttcatgtacttttcaacaagcc3# for amplification of FALDH gene at 50°C; 5#ctaggatccaaaatggccgatggtgagg3# and 5#gaaactcaccac-cacgaaccag3# for actin2 gene at 60°C; 5#ctctcgcaatcttcgctcttctcttt3# and 5#tcata-gatctggtccttgaaac3# for eIF4A gene at 42°C; 5#ctttgtagctcttgtaggtgctcttgttc3# and 5#tcctgcatatgatgctccttattgaaatactgat3# for PR-1 gene at 50°C; and 5#aaagc-ttgtttgggagcaagtcttaaagc3# and 5#aacactcggcagcagaaaaacagagtaaac3# for GST-1 gene at 55°C. The linear range of PCR product synthesis was established for each primer pair and the number of cycles was accordingly chosen to reflect the midpoint of this range. PCR products were visualized in ethidium bromidestained agarose gels. The intensity of the bands was determined by densitometry and the expression of each gene was normalized in relation to that of the actin2 gene or the eIF4A gene.
Determination of GSNOR and NOS Activities
GSNO was purchased from Sigma (Sigma Aldrich). GSNOR activity was determined at 25°C in 0.1 M sodium phosphate, pH 7.5, by monitoring the consumption of NADH and GSNO (e 340 5 7.06 mM 21 cm 21 ) in a Cary 400 Bio spectrophotometer. One unit of activity corresponds to 1 mmol of coenzyme transformed per minute. NOS activity was determined using the NOS detection system (Sigma Aldrich).
Determination of SNO Content
Total SNO levels were determined by Saville's method (Saville, 1958 ). Proteins were extracted in 100 mM Tris HCl, pH 6.8. The extracts were incubated for 5 min with an equivalent volume of solution A (1% sulfanilamide dissolved in 0.5 M HCl) in the presence or absence of solution B (solution A plus 0.2% HgCl2), allowing the development of the diazonium salt. The formation of the azo dye product was obtained by reacting the two samples for an additional 5 min with an equal volume of solution C [0.02% of N-(1-naphthyl) ethylenediamine dihydrochloride dissolved in 0.5 M HCl], and the absorbance was subsequently read at 550 nm with a spectrophotometer (Ultrospec 1100 pro, AmershamPharmacia Biotech). S-NOHCy was quantified as the difference of absorbance between solution B and A (B 2 A), comparing the values with a standard curve made from a solution of GSNO (SigmaAldrich). Low M r SNOs were determined in the fraction passing through a 5 K cut of ultrafiltration membrane. The results were normalized against whole cell-lysate protein content, measured by the Bradford method.
Pathogen Growth and Inoculation Procedures
Pp isolates Noco2 and Cala2 were maintained on the genetically susceptible Arabidopsis accession Col-0 and Landsberg erecta, respectively. Pp conidia were suspended in water (4 3 10 4 spores mL 21 ) and sprayed onto 4-week-old plants. Inoculated plants were kept under a sealed propagator as described in Rustérucci et al. (2001) for up to 7 d. Growth of Pp was monitored by determining the number of conidia per gram fresh weight of leaves. For each measurement, five seedlings (rosettes) were harvested, vortexed with 2 mL water, and the spores counted at least twice in a hemocytometer. Alternatively, 10 mL droplet of Pp conidia (4 3 10 4 spores mL 21 ) was placed on the leaf surface, and plants were incubated for up to 7 d under the same conditions. Psm strain ES4326 carrying the plasmid pLAFR3 6 avrRPM1 was grown at 28°C in King's B medium containing the appropriate antibiotics (rifampicin 50 mg mL 21 , tetracyclin 15 mg mL 21 ). Overnight log phase cultures were diluted to 10 5 (virulent) or 10 6 (avirulent) cfu mL 21 in 10 mM MgCl 2 , pressure infiltrated into leaves and bacterial growth in plants determined 2 d after infiltration, as in Maldonado et al. (2002) .
SAR Assay
SAR was monitored by comparing growth of virulent oomycete Pp Noco2 in plants previously inoculated either with the avirulent bacteria Psm avrRpm1 (10 6 cfu mL 21 ) or with 10 mM MgCl 2 (mock inoculation). Two rosette leaves of the different lines were infiltrated and 48 h later rosettes were sprayed with a spores suspension of the virulent Pp (4 3 10 4 spores mL 21 ). Plant conditioning and spore counting were similar to the one described above.
Histochemical Analysis of Plant Cell Death and Pp Development
Plant cell necrosis induced by pathogen inoculation, as well as the development of Pp mycelium inside leaf tissues was monitored by staining with lactophenol trypan blue and destaining in saturated chloral hydrate as described by Koch and Slusarenko (1990) . Material was mounted on a slide in 60% glycerol and examined using a light microscope (Axiophot; Zeiss).
Immunolocalization
Immunolocalization of GSNOR in leaf sections of Arabidopsis was performed as described in Espunya et al. (2006) .
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